It is increasingly recognized that diffuse, hydrothermal venting is an important source of 54 iron to the deep-sea that can influence oceanic iron dynamics and abundance. 55
Highlights. 36 37
• An in-situ productivity chamber was developed to estimate rates of Fe-oxidation and 38
understand colonization patterns at chemosynthetic iron mats at Lō'ihi Seamount. 39 40
• Fe-oxidation rates ranged from 8.2-51.9 x 10 -6 mol . hr -1 , and it was estimated that the 41 iron mats could accrete at around 2.2 cm . yr -1 . 42 43
• The iron mat community was dominated by Zetaproteobacteria, whose relative 44 abundance accounted for up to 89% of the microbial community. 45 46
• The community membership that grew during short-term incubations reflected the 47 community composition of nearby microbial mats. 48 49 50 51 often referred to as hydrous ferric oxides (HFO) in part because they are poorly 97 crystalline oxides, composed primarily of ferrihydrite, with large surface areas that 98 adsorb water and are relatively buoyant (Emerson, 2016) . These biogenic oxides undergo 99 diagenesis to crystalline forms more slowly than synthesized iron oxides, probably as a 100 result of containing organic ligands, as well as becoming silicified (Kennedy et al., 2004;  their production is important to understanding their contribution as a global iron source. 106
One avenue for assessing in situ activity, and estimating iron oxidation rates is to 107 take advantage of the unique morphotypes of biogenic oxides produced by FeOB. These 108 morphotypes include cylindrical filamentous sheaths, helical stalks, short tubular stalks 109 (referred to here as Y's), and other filamentous forms (Chan et al., 2016). Freshly 110 produced biogenic morphotypes are relatively easy to classify by light microscopy, thus 111
FeOB offer a rare opportunity to observe microbial growth in nature. We chose to utilize 112 this approach, hypothesizing that use of a chamber designed to capture iron oxides and 113 cell morphologies could provide insight into how FeOB colonization may occur, further 114 our understanding of the population dynamics involved in colonization, and provide an 115 estimate for in-situ growth rates. with open screw-cap ends that had Nitex nylon mesh cut to fit the openings on either end 125 was strapped on either side of the chamber with zip ties, as shown in Fig.1 For recovery, the chambers were placed in a closed bio-box mounted on the 143 submersible to maintain static water conditions during subsequent ROV operations. As 144 soon as Jason was on deck, the bio-box was opened, and while still submerged rubber 145 stoppers (size 9 1/2) were pushed into the bottom opening of the cassettes to prevent the 146 water entrained in them from draining out after the chambers were removed from the bio-147 box. In the lab the cassettes were removed from the chamber body, and the top mesh 148 removed. The iron oxides that accumulated in the cassette were placed in sterile 50 ml 149 conical tubes with a 25 ml pipette. These oxides were processed for analysis of cell 150 counts, morphology, and total iron, and a subsample was frozen for DNA extraction. The 151 microscope slides from the chamber interior were removed and air-dried. Perhaps as a 152 result of the longer incubation times at NHR, the individual cassettes for each chamber 153 contained more oxides than the Pohaku chambers. For this reason, each cassette from the 154 NHR chambers was harvested separately, while the two cassettes for each of the four 155 Pohaku samples were combined to a single sample. As a result, the oxidation rates 156 reported in Table 1 are broken into the individual cassettes for NHR samples, but 157 combined for the cassettes from the Pohaku chambers. 158 159 2.3 Cell counts. Cell counts were done on aliquots of the iron oxides that were fixed in 160 2% glutaraldehyde. Counting was done by diluting the original sample between 1:2 and 161 1:5, depending upon the initial cell density, and then using 10 µl of the diluted material to 162 make a uniform smear within a 1 cm diameter ring on an agarose-coated microscope slide. This was allowed to air-dry, and then 6 µl of d-H 2 O plus 3 µl of the nucleic acid 164 dye Syto13 (Invitrogen) was added, and the cells were counted by epifluorescence 165 microscopy using the 100x objective on an Olympus BX60 microscope. Further details 166 on these procedures can be found in (Emerson and Moyer, 2002) . structures that branch in a characteristic Y-shape, and are referred to here as Y's. The sampling process often breaks these different filamentous oxides into smaller pieces. 302
This, combined with continued mineralization through auto-oxidation of Fe(II) (e.g. 303 (Rentz et al., 2007) ), can make it difficult to distinguish individual filaments as a stalk, Y, 304 or sheath, therefore a general filamentous oxide category is also included. Particulate 305 oxides with no definitive morphology can also be common; however, because these 306 resemble abiotically formed oxides, by themselves, they cannot be used as a proxy for 307 biogenic Fe-oxide production. The percentages of the different morphotypes found in the 308 productivity cassettes are shown in Fig. 2 . This analysis revealed that recognizable 309 biogenic morphotypes: stalks, Y's, or filaments accounted for the majority (50 -70%) of 310 oxides at NHR. The exception was chamber 6 in which biogenic and particulate oxides 311 were nearly equal. As noted above, this chamber was temporarily out of the vent flow, 312 which may have led to less biological oxidation (it also had the least abundance of 313
Zetaproteobacteria, see below). By contrast, the Pohaku chambers were dominated by 314 particulate Fe-oxides, and undefined filamentous oxides accounted for most of the 315 remainder. 316 317 3.2 Iron oxidation rates. Collecting the iron oxides that accumulated in each cassette 318 revealed the short term incubations at NHR had the greatest accumulation of total iron, an 319 average of 6.2 x 10 -3 mol Fe, compared to an average of 3.1x 10 -3 mol for the long term 320 incubation. The shorter term (114h) Pohaku samplers accumulated an average of 1.7 x 321 10 -3 mol Fe, Table 1 . From these values an iron oxidation rate expressed in mol . hr -1 was 322 calculated: 323
Fe-ox rate = Total Fe Chamber (moles)/Deployment time (hr)
The results for each chamber are shown in Table 1 ; the rates ranged from a lower value 325 of 8.2 x 10 -6 mol . hr -1 (Pohaku) up to 51.9 x 10 -6 mol . hr -1 (NHR/148hr). The Fe-326 oxidation rates measured at NHR were 3-fold faster for the 148h deployment than for the 327 256h deployment: 42.1 x 10 -6 mol . hr -1 vs. 12.9 x 10 -6 mol . hr -1 , and the average Pohaku 328 rate, 15.1 x 10 -6 mol . hr -1 was similar to the single longer term NHR deployment 329 (chamber #2). 330
The total number of cells associated with the Fe-oxides in the cassettes ranged 331
from 5 x 10 7 to 4.3 x 10 8 , Table 1 . Because the 148h incubation at NHR was dominated 332 by recognizable biogenic oxides, and had the most rapid accumulation of oxides, it serves 333 as the best proxy for estimating an Fe-oxidation rate on a per cell basis. The total amount 334 of iron accumulated in these cassettes divided by the total cell number yields an average 335 value of 1.3 x 10 -16 mol . cell -1 . hr -1 (SD = .26 x 10 -16 mol . cell -1 . hr -1 ). This assumes that 336 all the cells counted were FeOB, which is almost certainly not the case. Our amplicon 337 analysis (see below) suggested the relative abundance of Zetaproteobacteria in these 338 chambers was around 80%. If we assume this is a reasonable estimate, and that all the 339 Zetaproteobacteria were oxidizing Fe(II) this gives a value of 1.6 x 10 -16 mol . cell -1 . hr -1 . Table 2 . We estimated the rate of Y-filament formation by selecting the longest 372 filaments that were observed on a given set of slides and dividing by the deployment 373 time. The most rapid production rate for Y's was 0.34 µm . hr -1 (Pohaku), while the 374 average was 0.19 µm . hr -1 (SD = 0.11 µm . hr -1 ). To demonstrate that these presumptive 375
Fe-oxidizers were members of the Zetaproteobacteria, a sample from NHR with a good 376 representation of cells coupled to filaments was stained with a FISH probe specific for 377 the Zetaproteobacteria. This resulted in staining of the terminal cells, thus confirming 378 these cells are Zetaproteobacteria, Fig. 4 . 379
Stalks, similar to those produced by M. ferrooxydans, were also observed on the 380 colonization slides, Supplemental Fig. 3 , and single stalks that had at least one cell 381 division were common. The longest stalks could be 100's of µm in length, with a range 382 measured between 25 -390 µm for individual stalks. Using the same criteria as described 383 for the Y's above, stalk production rates were estimated to range from 0.7 -2.1 µm . hr -1 , 384 with an average of 1.32 µm . hr -1 (SD = 0.62 µm . hr -1 ), table 2. 385 A novel cell/oxide morphotype, with a stick-like appearance, was also 386 documented on the colonization slides. This was a very thin rod <0.5 µm in diameter 387 coated in iron oxyhydroxides, see Fig. 5 . These stick-like iron oxide structures are 388 commonly observed in marine iron mats (D. Emerson, unpublished observations), and in 389 our morphological analysis are grouped with filamentous oxides of unknown provenance. 390
So far as we are aware, this is the first time that cells have been observed associated with 391 these structures in a way that indicates their genesis, and suggests this could be a novel 392 group of FeOB. Alternatively, they could be cells that are simply being encased in Fe-oxyhydroxides as a result of abiotic Fe-oxidation. The majority of the stick-like structures 394 did not have cells present; however this is consistent with other biogenic oxides where 395 the majority of the structures are uninhabited (Chan et al., 2016). We were unable to 396 visualize any of these cells using FISH, so we do not know if they belong to the 397 Zetaproteobacteria. 398 399 3.4 Community Analysis. Amplicon-based analysis of the SSU rRNA gene was used to 400 assess the relative abundances of different bacterial populations within the chambers, as 401 well as assess overall diversity between sites, temporally and spatially, and contrast 402 populations in freshly formed iron mats to bulk iron mat communities. All the chamber 403 samples were dominated by Zetaproteobacteria. The shorter term deployments had 404 relative abundances of Zetaproteobacteria that were between 81 and 87% of the total 405 sequences, while in the two 256h deployments at NHR, the relative abundances were 74 406 and 31%, Table 3 . The communities from three of the chambers (1,2, and 7) from NHR 407 clustered closely together, and grouped with a large cluster of samples from both NHR 408 and S. Hiolo Ridge, while chamber 6 did not cluster with the other NHR samples, 409 (Supplemental Fig. 4 ). We speculate that the period chamber 6 was not in vent flow may vents that are the hottest fluids currently observed at Lō'ihi. This suggests that as the 442 vents have cooled Zetaproteobacteria have become more prevalent, and is consistent with 443 detectable sulfide being largely absent from the vent fluids in 2013 (Scott et al., 2016.) . 444
Terminal restriction fragment length polymorphisms (T_RFLPs) were used in the earlier 445 study to analyze community composition, and an increase in the complexity of the 446 community was noted in long term, versus short term colonization experiments (Rassa et 447 al., 2009 ). The same trend was noted in this study using amplicon analysis that provides 448 greater resolution of community diversity than T_RFLP; however since only short term 449 deployments were done for this study, it is not possible to make direct comparisons. 450 451 3.5 Mat accretion. It is important to understand the accretion rates of these iron mats, 452 both for overall microbial mat development, and to determine the potential for biogenic 453 iron mats to serve as an iron source to the surrounding ocean. Recent work from Lō'ihi 454 has shown the primary structural element of the mats are filamentous stalks, or sheaths 455 (Chan et al., 2016). The stalks observed on colonization slides then can serve as a proxy 456 for estimating mat accretion rates of stalk-dominated mats. The most rapid rate of stalk 457 formation observed on a colonization slide was estimated at 2.6 µm/h. This rate is based 458 on the assumption that the cells attached shortly after the slide was deployed and were 459 continuously present until the chamber was retrieved. A stalk production rate of 2.2 µm/h 460 was reported for a pure culture of M. ferrooxydans (Chan et al., 2010) based on time-461 lapse imaging, thus the in situ estimate is in the same range as the in vitro rate. Based on this analysis, if we assume a stalk production rate of 2.5 µm/h, cells that colonize a 463 surface and grow uniformly should accrete at a rate of 60 µm/d, or approximately 420 464 µm/week. This works out to around 2.2 cm/yr. This is a necessarily simplistic 465 extrapolation of a complex process, i.e. in an actual mat there are multiple colonization 466 events, and it's unlikely the cells exhibit long-term, uniform growth rates. Nonetheless, it 467 provides an approximation of how fast entire, vent-associated iron mat structures may 468 grow. Interestingly, these estimates for the growth of marine iron mats are substantially 469 slower than the accretion rates of up to 2.2 mm . d -1 measured in a freshwater microbial 470 iron mat (Emerson and Revsbech, 1994). The stalk-forming freshwater FeOB Gallionella 471 ferruginea can produce stalk at rates up to 80 µm/h, or nearly 40 times faster than M. 472 ferrooxydans (Hanert, 1973) . Thus, it is reasonable to assume that freshwater iron mats 473 can accrete much more rapidly than marine iron mats. 474
To further determine if our estimate for the growth rates of marine iron mats is 475 realistic, we did an intentional mat removal experiment at Lō'ihi, by suctioning away a 476 beehive shaped mat that was approximately 30 cm tall and fed by a single diffuse flow 477 orifice on the ocean floor ( Supplemental Fig 4) . The site was monitored twice more 478 during our expedition, with the last visit coming 10d after removal. While there appeared 479 to be subtle changes at this site, there was not an obvious, visible amount of mat accretion 480 over 10d (Supplemental Fig. 5 ). Based on our calculations above, the mat would only 481 accumulate to a thickness of <1 mm during these short-term observations. This would be 482 less than could be detected visually with the ROV, thus the fact we did not visibly 483 observe accretion in 10 days is consistent with our estimates. This was intended to be a 484 long-term re-colonization experiment, but, as yet, no subsequent observations have been made of this site. At the Pohaku and NHR vent sites when mat was removed during 486 sample collection with the large suction sampler on ROV Jason, we did not detect 487 significant regrowth of the iron mats over the course of an expedition, 10 -12 days. An 488 example is shown in Supplemental Fig. 6 . These same sites had been visited and sampled 489 extensively on a prior expedition to Lō'ihi 18 months earlier; however, during the 2013 490 expedition there was no obvious sign of the previous disturbance, indicating these 2 -5 491 cm thick mats had fully recovered in the intervening time, which would be expected 492 based on our estimates. Thus, our estimates for mat accretion based on observations of 493 rates of stalk-formation seem consistent with visual observations of mat accretion at 494
Lō'ihi. 495 496
Conclusions. 497
The in-situ growth chambers proved capable of capturing the growth of biogenic iron 498 oxides, and revealed a diversity of morphotypes associated with FeOB. This work 499 provides an initial estimate for in-situ iron oxidation rates for marine Fe-oxidizing 500 bacteria, as well as an estimate for the rate at which iron mats can accrete around diffuse 501 flow hydrothermal vents on the seafloor. An amplicon-based sequence analysis of newly 502 formed Fe-oxides in the chambers revealed Zetaproteobacteria as the dominant 503 phylotype, with a relative abundance as high as 89%. There was a trend towards 504 decreasing relative abundance of Zetaproteobacteria, and increasing overall diversity with 505 incubation time. Colonization slides revealed abundant evidence for colonization by 506 stalk-forming and Y-producing FeOB, as well as a novel stick-like oxide that appeared to be a direct product of microbial iron oxidation. Analysis of the Y-producing microbes 508 using FISH revealed they are members of the Zetaproteobacteria. 509 510 511
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The marker bar = 10 µm. with that held the microscope slides, and the two cassettes, covered on both ends with 745
Nitex mesh. The cassettes had screwcaps at both ends that were used to hold the mesh 746
that was cut to fit the openings. 
